Targeting of Arabidopsis PHABULOSA (PHB) mRNA by miR166 has been implicated in gene body methylation at the PHB locus. We report that the PHB locus produces an array of stable nuclear RNA species that are neither polyadenylated nor capped. Their biogenesis requires neither RNA polymerases IV/V nor miR166-guided cleavage. The PHB RNAs are insensitive to mutation of nuclear RNA decay pathways and are conserved in several Brassicaceae species, suggesting functional relevance. Similar RNA species are also produced by another body-methylated locus encoding the miR414 target eIF2. Our data reveal the existence of a new class of genic nuclear RNA species.
Targeting of Arabidopsis PHABULOSA (PHB) mRNA by miR166 has been implicated in gene body methylation at the PHB locus. We report that the PHB locus produces an array of stable nuclear RNA species that are neither polyadenylated nor capped. Their biogenesis requires neither RNA polymerases IV/V nor miR166-guided cleavage. The PHB RNAs are insensitive to mutation of nuclear RNA decay pathways and are conserved in several Brassicaceae species, suggesting functional relevance. Similar RNA species are also produced by another body-methylated locus encoding the miR414 target eIF2. Our data reveal the existence of a new class of genic nuclear RNA species.
Keywords: Arabidopsis; gene body methylation; lncRNA; miRNA; protein-coding gene Noncoding RNAs (ncRNAs) are key players in eukaryotic gene regulation. Small noncoding RNAs 20-24 nucleotides in size repress genes at post-transcriptional or transcriptional levels via biochemically well-defined pathways in which the small RNA guides an ARGONAUTE (AGO)-containing RNA-induced silencing complex (RISC) to complementary nucleic acids [1] . In plants, AGO1 is essential for microRNA (miRNA)-guided gene regulation via mRNA cleavage or translational repression [2] [3] [4] , while small RNAguided transcriptional gene silencing (TGS) occurs by recruitment of DNA methyl transferase dependent on a specific clade of AGO proteins (AGO4/6/9) [5] [6] [7] .
In Arabidopsis, RNA-dependent DNA methylation (RdDM) is driven by the two plant-specific RNA polymerases (Pol) IV and V, and by siRNAs. Pol IV transcripts are converted to double-stranded RNA (dsRNA) by RNA-dependent RNA polymerase 2 (RDR2), and Dicer-like 3 (DCL3) produces a single 24-nucleotide siRNA from each Pol IV-precursor [8] [9] [10] . siRNA-loaded AGO4 may target nascent Pol V transcripts [11] , leading to de novo methylation of the DNA. RdDM targets transposable and other repetitive elements [8] , but RdDM-independent DNA methylation in gene bodies is also widespread [12, 13] . In contrast to RdDM, gene body methylation only occurs in symmetric (CG) sequence contexts [14] , and does not lead to silencing [15] . Indeed, gene body methylation levels vary between ecotypes, and ecotypes exhibiting increased levels of body methylation of a subset of genes tend to express those genes more highly than ecotypes in which the same subset of genes have lower body methylation levels [16] . Patterns of gene body methylation may be deeply conserved evolutionarily, indicating that gene body methylation has important biological functions [17, 18] . Nonetheless, it remains unknown what those functions are.
In addition to the well-established small RNAguided DNA methylation via the RdDM pathway, a single example of apparent miRNA-dependent DNA Abbreviations CAGE, Cap Analysis of Gene Expression; DCL3, Dicer-like 3; dsRNA, double-stranded RNA; miRNA, microRNA; ncRNAs, Noncoding RNAs; RdDM, RNA-dependent DNA methylation; RDR2, RNA-dependent RNA polymerase 2; RISC, RNA-induced silencing complex; TGS, transcriptional gene silencing; TSSs, transcription start sites. methylation has been reported. The locus encoding the transcription factor PHABULOSA (PHB) is bodymethylated, seemingly dependent on the presence of an intact miR166 site in the PHB mRNA [15, 19] . Furthermore, the miR166 effect occurs in cis: in PHB/phb1d heterozygous plants, the methylation is only lost on the mutated (phb-1d) allele [19] . Deep sequencing studies do not reveal occurrence of siRNAs at the methylated part of the PHB locus, precluding involvement of RdDM [20] . Subsequent genome-wide studies of DNA methylation have confirmed the presence of methylated DNA in the gene body of the PHB gene, but the pattern of its gene body methylation is restricted to the symmetric CG-context [14] , and is thus similar to many other body-methylated genes that do not encode mRNAs targeted by a miRNA. The mechanism underlying PHB methylation, in particular the involvement of miR166, therefore remains unclear as does the function of PHB methylation.
Long ncRNAs (lncRNAs) are less well understood than small RNAs and constitute a more heterogeneous class of RNAs. They are loosely defined as nontranslated RNAs longer than~200 nucleotides. Some nuclear lncRNAs direct chromatin modifications and DNA methylation in animals, in some cases involving recruitment of the polycomb group repressive complex 2 (PRC2) [21] . A few examples of lncRNA-dependent chromatin regulation involving PRC2 have also been reported in plants [22, 23] . It is therefore possible that lncRNAs may be implicated in PHB methylation. Nonetheless, it is becoming clear that many low-abundant lncRNAs detected by sequencing methods are nonfunctional. This large group of nonfunctional lncRNAs is often subjected to rapid degradation by the nuclear exosome, an evolutionarily conserved multimeric complex associated with 3 0 -5 0 exonucleases that rid eukaryotic cells of unwanted RNA [24] . Consequently, pronounced sensitivity to exosome inhibition has been suggested as a key criterion to distinguish nonfunctional from potentially functional lncRNAs [25] .
In this study, we identify a new class of evolutionarily conserved RNA species originating from PHB. The RNAs are nuclear-localized, and although they are neither capped nor polyadenylated, they are not subjected to degradation by the nuclear exosome or by nuclear 5 0 -3 0 exonucleases. Their biogenesis is not dependent on miR166-guided cleavage, but their abundance follows that of the mRNA, suggesting that they may be mRNA-derived. This class of stable RNAs are found at two different miRNA target loci with gene body methylation, whereas similar RNA species are absent at a miRNA target locus without gene body methylation. 
Material and methods

Plant material and growth conditions
Plant lines used
The following lines were previously described: ap1/cal [26] , nrpd1 and nrpde1 [27] , hen2-4 and hen2-5 [28] , phb-1d [29] , met1-3 [30] , xrn2/xrn3/xrn4 [31] , acd11-1 (a 30 kb deletion mutant in accession Ler (acd11-1) [32] ; PHB and ACD11 are deleted from the genome, and the line used here is complemented with a proACD11:3xHA-ACD11:terACD11 construct [33] ) and ago1 D848A (ago1-3 expressing a proAGO1:
FLAG-AGO1 D848A :terAGO1) is described in [34] .
DNA extraction for genotyping
Genomic DNA from young leaves or flower tissue was extracted as described in [35] .
Genotyping
Derived cleaved amplified polymorphic sequences (dCAPS) markers were developed for genotyping of point mutant alleles. T-DNA insertion alleles were genotyped with separate PCRs detecting T-DNA and wild-type alleles. All primer sequences and, if relevant, corresponding restriction enzymes are listed in Table S1 .
RNA extraction for northern analysis
RNA from plant tissue was extracted using TRI reagent (Thermo Fisher/Invitrogen, Waltham, MA, USA) according to the manufacturer's instructions. The RNA was dissolved in 50% formamide for RNA blot analysis.
Na-citrate, pH 7.0) to Hybond-NX membrane (GE Healthcare, Chicago, IL, USA), RNA was UV crosslinked to the membrane using a Stratalinker (Agilent/Stratagene, Santa Clara, CA, USA). DNA probes were synthesized using the Prime-a-Gene Ò Labeling kit (Promega, Madison, WI, USA) with gel purified PCR products amplified from cDNA as template (see Table S1 for oligonucleotide sequences). Radiolabeled a-32 P-dCTP (3000 CiÁmmol À1 ) was used and unincorporated nucleotides were removed using Sephadex G-50 minicolumns. For synthesis of sense and antisense RNA probes, template DNA was cloned into pGEM-T-easy. Gel purified PCR products containing T7 (antisense) or T3 (sense) promoters were used as templates in in vitro transcriptions with T7/T3 Riboprobe Combination System (Promega). All probes were heat-denatured (95°C, 5 min) prior to use. PerfectHyb TM Plus Hybridization Buffer (Sigma, St. Louis, MO, USA) was used for hybridization at 65°C. Imaging was done by either usage of X-ray films followed by development or by using a Typhoon FLA 7000 scanner (GE Healthcare Lifesciences).
Analysis of small RNAs
Small RNAs were analysed by northern blotting as described in [35] .
Poly(A) fractionation
To obtain poly(A)+ fractions of RNA, magnetic oligo (dT)-coupled beads (Dynabeads Oligo (dT) 25 by Life Technologies) were used. About 75 lg of total RNA were used per reaction and the manufacturer's protocol 'Direct mRNA Isolation' was followed.
Terminator treatment
For investigation of the 5 0 end of transcripts, RNA was treated with the 5 0 -3 0 exoribonuclease Terminator (Epicentre). About 1 unit of enzyme was used for 20 lg of total RNA, and samples were incubated 2 h at 30°C.
Nuclear fractionation
All steps were performed in a cold room (4°C). Three millilitre of ground, frozen tissue was poured into 3 mL of grinding buffer [20 mM MOPS, pH 7.0, 0.5 M hexylene glycol, 10 mM MgCl 2 , 10 mM Ribonucleoside Vanadyl Complex (Sigma)] in a 50 mL tube. The sample was immediately vortexed and filtered through gauze. The sample was further filtered through miracloth, and centrifuged for 10 min at 100 g. The supernatant was transferred to a new tube, and Triton X-100 was added to a final concentration of 0.5%. The sample was then incubated at 12 rpm for 15 min at 4°C in a rotating wheel. An aliquot was taken (total fraction), and TriReagent (Invitrogen) was added. The remaining sample was centrifuged for 10 min at 1000 g, and the supernatant (extranuclear fraction) was carefully moved to a new tube, and RNA was extracted by TriReagent. The pellet (nuclear fraction) was washed gently with grinding buffer before TriReagent was added for RNA extraction.
RNA extraction for cap analysis of gene expression analysis
Hundred milligram of ground inflorescence tissue was used with 700 ll of TriReagent, 140 ll chloroform (Merck, Darmstadt, Germany) was added and the solution was shaken for 15 sec, followed by 3-min incubation and 15 min of centrifugation at 12000 g (4°C). The supernatant was further purified using the Purelink RNA mini kit (Thermo Fisher/Ambion, Waltham, MA, USA) according to the manufacturer's instructions, including the on-column DNAse treatment. Concentration and purity of the RNA was measured on a Nanodrop1000 spectrophotometer, showing an A260/280 between 1.99 and 2.15. RNA integrity was further analysed on a Bioanalyzer (Agilent, Santa Clara, CA, USA).
CAGE library construction and data processing
Cap analysis of gene expression (CAGE) reads for Arabidopsis thaliana inflorescence RNA were generated as a spike-in sequencing standard for 76 CAGE libraries for a cohort of inflammatory bowel disease patients and control subjects (Boyd et al., in preparation). CAGE libraries were prepared according to [36] with 1500 ng of total RNA as starting material, including 1% A. thaliana total RNA. Four CAGE libraries with different barcodes were pooled and applied to the same sequencing lane on an Illumina HiSeq2000 instrument (National High-throughput DNA Sequencing Centre, University of Copenhagen). To compensate for the low complexity in 5 0 ends of the CAGE libraries, 30% PhiX spikeins were added to each sequencing lane, as recommended by Illumina. Reads were trimmed to remove linker sequences and subsequently filtered for a minimum sequencing quality of 30 in 50% of the bases with FASTX-Toolkit (http://han nonlab.cshl.edu/fastx_toolkit/). About 96% of the reads were mapped using BOWTIE v0.12.7 [37] , allowing a maximum of two mismatches. More than 90% reads mapped successfully on a TAIR10-hg19 hybrid reference genome.
Only reads uniquely mapping to TAIR10 chromosomes, and not to the hg19 assembly, were considered in the analysis for this study. After mapping of CAGE reads, only the genomic position of 5 0 ends of reads were considered. Each base pair with >1 5 0 end was considered a CAGE-defined transcription start site, and was annotated with the number of supporting reads, normalized to tag per million mapped reads (TPM).
Results
The PHB locus gives rise to numerous sense transcripts
We focused on the PHB locus to study how a miRNA might direct gene body methylation. The miR165/166 target site in PHB spans intron 4, and the methylated area is situated further downstream around exons 12-14 ( Fig. 1A) . We previously hypothesized that miR166-guided cleavage may give rise to PHB lncRNAs that could have a role in guiding body methylation [38] . To investigate what types of RNAs originate from the locus, we performed high-molecular weight northern blot analyses. A transposon-induced deletion mutant of the entire PHB locus in accession Ler (acd11-1) was used as control for specificity of hybridization. The 30 kb genomic deletion in this mutant also encompasses the gene ACD11 (Figs 1B and S2), and the line used here expresses an ACD11 transgene such that its phenotype is indistinguishable from wild-type Ler [32, 33] . In addition to the full-length PHB mRNA, an array of smaller RNA species was detected in both inflorescence and seedling tissues with signal intensities roughly 20% of that of the full-length mRNA, as quantified by phosphorimaging (Fig. 1C,D) . The smaller RNAs derived from PHB, because nearly all signal disappeared in the phb deletion mutant acd11-1. The remaining faint signal detectable in several blots in this study (e.g. Figs 1C, 2C , 3B,C,E, and 4B) is likely to derive from the close PHB homologue PHAVOLUTA (PHV) that harbours a 200-nucleotide region of more than 80% identity to the PHB probe used here. A probe targeting exon 1 also revealed several RNA species in varying sizes with the same intensity as the mRNA (Fig. 1E) . Hybridizations with antisense and sense RNA probes showed that like the PHB mRNA, the smaller PHB RNA species were only of sense orientation (Fig. 1F,  G) . Thus, the PHB locus gives rise to several unannotated, stable sense RNA species of well-defined sizes.
The smaller PHB RNA species are localized in the nucleus
We next performed nuclear fractionations to determine the subcellular localization of PHB RNAs. We used the mutant ap1/cal [26] in which floral meristems overproliferate instead of giving rise to differentiated floral organs. Use of ap1/cal was practical for three reasons. PHB mRNA is more abundant in meristematic tissue than in floral organs, the tissue quantities needed for fractionation were more easily obtained, and in our hands, problems with mRNA degradation during fractionation appeared to be less pronounced than with mature flowers. The smaller PHB RNA species were found exclusively in nuclear fractions, in contrast to the PHB mRNA that was enriched in the extranuclear fraction, as expected ( Fig. 2A) . Control hybridizations to U6 and to tRNA-Met showed enrichment of U6 and depletion of tRNA-Met in nuclear fractions, indicating that fractionation was successful (Fig. 2B) . We conclude that the smaller PHB RNA species are nuclear.
The nuclear PHB RNA species are linear, and are neither polyadenylated nor capped
To further characterize the nuclear PHB RNA species, the features of their 3 0 and the 5 0 -ends were investigated. The RNAs remained in solution upon incubation with oligo(dT)-coupled beads, contrary to the PHB mRNA that was enriched in the bead-bound, poly(A)+ fraction (Fig. 2C) . Therefore, the RNA species do not contain a poly(A) tail. To test whether the RNA species originate from alternative transcription start sites (TSSs), we performed Cap Analysis of Gene Expression (CAGE) [36] on inflorescence RNA. In this approach, 2 0 -3 0 vicinal diols of the cap nucleotide are specifically oxidized and biotinylated, allowing capture on immobilized streptavidin, followed by sequencing to produce sequence tags corresponding to the first transcribed nucleotides. Notably, the CAGE experiment uses random cDNA primers, making it possible to detect TSSs regardless of poly(A) status. CAGE data revealed only two major peaks that mapped to the area of the annotated PHB TSS (Fig. 2D) . In addition, no antisense peaks were observed. Thus, the CAGE experiment strongly suggests that nuclear PHB RNAs are not capped and their 5 0 -ends are therefore unlikely to be genuine TSSs. We next digested total RNA with the 5 0 -3 0 exonuclease Terminator, which only targets RNAs with a 5 0 -monophosphate to see if the 5 0 -end might be protected in other ways than by a 7-methylguanylate cap. Northern blotting showed that contrary to PHB mRNA, the smaller PHB RNAs disappeared upon Terminator treatment (Fig. 2E) . This experiment confirms the lack of a 5 0 -cap, and further suggests that the nuclear PHB RNAs are not circular. This is consistent with recent transcriptome-wide maps N u c le a r f r a c t io n E x t r a n u c le a r f r a c t io n T o t a l B Fig. 2 . The smaller PHB RNA species are nuclear, nonpolyadenylated and uncapped. White arrow indicates full-length mRNA, black arrows indicate smaller, distinct bands and asterisk indicates unspecific band. EtBr-stained gel is shown below as loading control. (A) Inflorescence tissue ('cauliflowers') from ap1/cal mutants was used for nuclear fractionation. High-molecular weight northern blot of 75 lg RNA extracted from nuclear, extranuclear and total fractions hybridized to a PHB exon 14 DNA probe. A shorter exposure of the lane containing total RNA from the same blot is shown to better visualize the individual bands. (B) Low molecular weight northern blot of 1 lg RNA from the same fractions analysed in (A). The membrane was probed with an oligonucleotide probe specific for the nuclear U6 followed by reprobing with an oligonucleotide specific for cytoplasmic tRNA-Met. of thousands of circular RNAs in Arabidopsis that did not contain signal at the PHB locus [39] . Similarly, the sensitivity to Terminator digestion excludes the possibility that the RNA species correspond to stable lariat introns. The lack of cap and poly(A) tail also argues against the possibility that the nuclear RNAs are alternatively spliced PHB transcripts.
Nuclear PHB RNAs are generated independently of miR165/miR166-guided cleavage
Since PHB is a miR166 target, the RNA species could be derived from miR166-guided cleavage products. To test this possibility, mutants expressing a catalytically inactive AGO1 (ago1
D848A
) in an ago1-3 null background were used [34, 40] . The plants have a severe developmental phenotype and many do not grow beyond an early cotyledon stage [34] . Therefore, RNA was prepared from young seedlings and analysed by northern blot (Fig. 3A) . We did not observe any difference in abundance of neither PHB mRNA nor the nuclear PHB RNA species between wild-type and ago1 D848A (Fig. 3A) . One of several possible pitfalls of this experiment is that miR166 also associates efficiently with AGO10 [41] . Since ago10 mutants are not viable in an ago1 slicer deficient background [34] , we analysed the mutant phb-1d in which incorrect splicing leads to complete disruption of the miR165/166 target site [29, 42] . Thus, in phb-1d all miR165/166 guided cleavage of the PHB mRNA is abolished, but miRNA-guided regulation of other targets, including of other miR165/166 targets, is not directly affected by this mutation. Consistent with this molecular defect, phb-1d mutants exhibited clearly increased PHB mRNA levels. Importantly, the nuclear PHB RNA species also showed similarly increased levels in phb-1d mutants (Fig. 3B ). These results show conclusively that biogenesis of the nuclear PHB RNA species does not involve miR165/miR166 guided cleavage of spliced PHB transcripts. Thus, the nuclear PHB RNA species cannot explain the previously described requirement for the miR166 binding site in PHB mRNA for PHB gene body methylation.
The results also indicate that the abundance of the smaller PHB RNAs correlate with PHB mRNA abundance, a relation that is also observed upon comparison of signals in inflorescence and seedling RNA samples (e.g. Fig. 1B ). These observations may suggest that the nuclear PHB RNAs derive from PHB transcripts produced by RNA polymerase II, similar to a recently described yeast ncRNA implicated in translational control [43] . Alternatively, they may be produced by another RNA polymerase whose access to the PHB locus may be increased in tissues and mutants with increased PHB expression.
PHB RNAs are not produced by RNA polymerases III, IV or V Since RNA Polymerases IV and V (Pol IV and Pol V) have been shown to transcribe many methylated DNA templates [44] , we tested whether biogenesis of the nuclear PHB RNAs requires either Pol IV or Pol V.
nprd1 and nrpe1 knockout mutants defective in the largest subunits of Pol IV and Pol V respectively [27] , produced PHB RNA profiles similar to wild-type (Fig. 3C) , excluding a requisite involvement of either Pol IV or Pol V in biogenesis of nuclear PHB RNAs. We also tested nrpc7-1 mutants carrying a hypomorphic mutant allele of the RNA Polymerase III subunit NRPC7 [45] . No difference in the PHB RNA profile was observed in nrpc7-1 mutants compared to wildtype (Fig. 3D) , suggesting that the nuclear PHB RNAs are not transcribed by Pol III.
Nuclear PHB RNAs are not substrates of the nucleoplasmic exosome or major 5 0 -3 0 exonucleases Major nuclear RNA processing and decay pathways include 3 0 -5 0 exonucleolysis via the nuclear exosome [46] [47] [48] and 5 0 -3 0 exonucleolysis via the exonucleases XRN2 and XRN3 [49] [50] [51] [52] . XRN3 also promotes termination of Pol II transcription units [50] , potentially via a torpedo-like mechanism as originally described for yeast and human XRN3 homologues [53, 54] . We used mutants in these processing and decay pathways to see whether the nuclear PHB RNAs are targeted for rapid decay, as may be expected if they are failed mRNA processing intermediates or results of noisy transcription. In animals, nuclear exosome functions are mediated by the helicase MTR4 [46] , while two MTR4-like helicases mediate nuclear exosomal RNA decay in plants. Plant MTR4 is restricted to the nucleolus and has a dedicated function in processing of ribosomal RNA, while HEN2 is nucleoplasmic and participates in degradation of a range of lncRNAs and failed mRNAs [28] . We therefore tested whether the abundance of the nuclear PHB RNAs was sensitive to mutation of HEN2. The profile of PHB RNAs in hen2 knockout mutants was indistinguishable from wild-type (Fig. 3E) , suggesting that the PHB RNAs are not targeted by the nuclear exosome. We next tested the sensitivity of the abundance of PHB RNAs to mutation of the major nuclear 5 0 -3 0 exonucleases XRN2 and XRN3. While xrn2/xrn3 double mutants are sterile, triple mutants defective in the cytoplasmic XRN4 in addition to xrn2/xrn3 are fertile [31] . We therefore used xrn2/xrn3/xrn4 triple mutants for these tests. No difference in PHB RNA accumulation was detected between Col-0 and xrn2/xrn3/xrn4 (Fig. 3F ). The insensitivity of nuclear PHB RNAs to mutation of HEN2 and of XRN2/XRN3/XRN4 argues against the possibility that these RNAs are failed mRNA processing products. 
Distinct phylogenetic clades of Brassicaceae retain similar profiles of PHB RNAs
Recent phylogenetic analysis of the Brassicaceae family using transcriptome or genome sequence data of 113 species led to the definition of six major clades, A-F [55] . To further analyse whether the nuclear PHB RNAs may be of functional relevance, we asked whether their accumulation was evolutionarily conserved.
To this end, we tested whether the nuclear PHB RNA species were detectable in inflorescences of select species closely or more distantly related to Arabidopsis. In addition to Arabidopsis thaliana (Clade A), we used the species Cardamine hirsuta (Clade A), Capsella bursa-pastoris (Clade A), Brassica oleracea (Clade B) and Alliaria petiolata (Clade B). These analyses revealed that all tested Brassicaceae species exhibited profiles of PHB RNAs very similar to Arabidopsis thaliana (Fig. 4A) , further supporting the notion that these RNA species are associated with, or may themselves be implicated in, important molecular processes. Curiously, for Cardamine hirsuta, the closest relative to Arabidopsis thaliana among the species tested, we observed much weaker hybridization signal to the Arabidopsis exon 14 PHB probe than for the remaining species. Inspection of the Cardamine hirsuta genomics and transcriptomics resource [56] showed that this was due to substantially lower PHB expression in flowers in Cardamine hirsuta than in Arabidopsis thaliana (Fig. S4 ). Taken together with the insensitivity of PHB RNAs to mutation of major nuclear RNA decay pathways, their evolutionary conservation argues that they may not simply be requisite by-products of an essential molecular process (e.g. transcription or splicing), but may serve biological functions of their own.
Accumulation of nuclear PHB RNAs in mutants involved in DNA methylation
The PHB locus is methylated in the gene body [19] . Molecular properties directing body methylation to certain genes, and molecular consequences of gene body methylation remain poorly understood. We therefore tested whether production of the nuclear PHB RNAs requires gene body methylation. Since gene body methylation is erased in met1 mutants defective in the CG maintenance methyl transferase MET1 [12] , we tested accumulation of nuclear PHB RNAs in met1-3 knockout mutants. No difference between met1-3 and wild-type was observed (Fig. 4B) . We conclude that production of nuclear PHB RNAs is not a consequence of the presence of CG methylation in gene bodies. It remains a possibility, however, that the PHB RNAs are involved in directing gene body methylation. We could not test this hypothesis, because we failed to identify mutant backgrounds defective in production of nuclear PHB RNAs.
The body-methylated locus encoding the miR414-target eIF2 produces RNAs without caps and poly(A) tail
We finally searched for other loci producing similar species of RNA to see whether the nuclear PHB RNAs may define a more widespread new class of RNAs. We focused on miRNA-targeted transcripts originating from body-methylated loci, even if none of these two molecular characteristics of PHB were clearly linked to production of nuclear PHB RNAs in our previous analyses. The gene encoding eukaryotic initiation factor family protein 2 (eIF2) exhibits the same features as PHB: it is a miRNA target (miR414) and has gene body methylation without annotated siRNAs (Fig. 5A ) [20] . Using a probe targeting exon 10 in the methylated region, at least seven smaller RNA species were detected in addition to the eIF2 mRNA, thus resembling the pattern found for PHB (Fig. 4B ). In addition, poly(A) fractionation revealed that the smaller eIF2 RNA species were depleted in the poly(A) RNA fraction (Fig. 5B) , further strengthening the resemblance to the smaller PHB RNA species. In contrast, the CSD2 locus encoding a miR398 target has no gene body methylation, and did not produce RNAs other than the full-length CSD2 mRNA (Figs. 5C and S5). CAGE analysis revealed a single dominant peak at the annotated TSS of eIF2 (Fig. 5D) . A number of small peaks with intensities close to the noise level were found further downstream, most of them in sense and a few on the reverse strand. Even if these peaks represented alternative TSSs, they would be too far upstream in the gene to produce the small RNA species found with the exon 10 probe. Therefore, the data suggest that the eIF2 locus also gives rise to a range of RNA species of discrete sizes that are stable, although they lack a poly(A) tail and a cap.
Discussion
Our study reveals the surprising existence of a new class of stable, nuclear, genic RNAs that are neither capped nor polyadenylated. The RNAs accumulate as several distinct species of discrete sizes, and their pattern of accumulation is invariable across different tissues, ecotypes, and even across different species of the Brassicaceae family. Massively parallel sequencing studies have uncovered many new noncoding RNA species in plants [57, 58] , but the RNAs described here appear to be distinct. In particular, a large proportion of recently identified intermediate-size noncoding RNAs (50-300 nucleotides) overlapped with the sense-strand of protein-coding genes [59] , similar to what we describe here. Contrary to what we describe, these RNAs tended to map to 5 0 -UTRs of mRNAs, did not have 5 0 -phosphates, and were enriched in highly expressed genes [59] . The novel RNA species uncovered here are likely to have been missed by short-read-based high-throughput sequencing methods for two reasons. First, the RNA species probably correspond in sequence to mRNA fragments. Second, short-read-based approaches do not faithfully capture the structure of full transcripts, making it virtually impossible to distinguish between PHB mRNA and smaller nuclear PHB RNAs by such methods. Nonetheless, since we only demonstrated the occurrence of smaller genic RNAs from two loci (PHB and eIF2), it remains an important outstanding question how widespread the production of this type of genic, nuclear RNAs is. The recently developed Capture Long Read Seq method in which RNAs are enriched by oligonucleotide capture prior to library construction for high-throughput long-read sequencing [60] may be ideally suited for future transcriptome-wide identification of this new type of RNA.
Our study documents production of the new class of RNAs from two distinct gene body-methylated loci. We stress, however, that the co-occurrence of body methylation and genic RNAs at these two genes may be coincidental: we could not establish causal links between gene body methylation and production of genic nuclear RNAs, and this study does not examine a sufficient number of body-methylated and nonmethylated genes to establish a statistically significant correlation between occurrence of genic nuclear RNAs and gene body methylation.
We also note that although this study focused on body-methylated genes that produce mRNAs targeted by miRNAs, our results provide no evidence for links between miRNAs and the newly discovered class of nuclear RNAs. Indeed, it is formally possible that loss of PHB body methylation in phb-1d is due to genetic differences between phb-1d and wild-type other than the splice site mutation that disrupts the miR166 site in PHB mRNA, because independently isolated phb alleles with defective miR166-binding sites have not been examined for gene body methylation [19] .
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